1. Introduction {#sec1}
===============

The current pandemic coronavirus disease-2019 (COVID-19) is a new infectious pneumonia-like illness caused by a novel virus strain, so-called severe acute respiratory syndrome coronavirus 2 or SARS-CoV-2 \[[@bib1],[@bib2]\]. This virus is a member of the β-Coronaviruses genus (family Coronaviridae) and is similar to severe acute respiratory syndrome coronavirus (SARS-CoV) \[[@bib3]\] and Middle East respiratory syndrome coronavirus (MERS-CoV) \[[@bib4]\]. The common symptoms of a person infected with SARS-CoV-2 include respiratory symptoms, fever, dry cough, shortness of breath, and central nervous system conditions leading to multiple organ failure. In more severe cases, infection causes bilateral pneumonia, acute respiratory distress syndrome, kidney failure, and ultimately, death \[[@bib5],[@bib6]\]. Current data on COVID-19 indicate that the SARS-CoV-2 mortality rate is generally far lower (3--5%) than that of SARS-CoV (9--15%) and MERS-CoV (34--37%), but SARS-CoV-2 is much more transmissible/contagious than the SARS-CoV and MERS-CoV viruses and affects more people over the age of 60 or those with comorbidities that weaken the immune system \[[@bib7], [@bib8], [@bib9]\]. At the height of the crisis, this virus is spreading at a rate and scale far worse than previous coronaviral epidemics.

To stop world circulation of SARS-CoV-2, we have only basic protective measures recommended by the World Health Organization (WHO) \[[@bib10]\], as in the case of SARS-CoV. The phase "Using barrier precautions, the transmission of SARS-CoV can be prevented" was written in 2004 \[[@bib8]\], and moreover, experts warned that sooner or later a new outbreak might occur \[[@bib11],[@bib12]\]. This event occurred in 2019, but no one expected that it would cover the entire world, i.e., growing to pandemic size, and the pharmaceutical industry was taken by surprise. To date (June 04, 2020), more than 11million worldwide cases of infection and 525.491 deaths have been attributed to the novel coronavirus, SARS-CoV-2, since its emergence in December 2019. To cure hundreds of thousands of infected people, it is necessary to develop effective specific and selective antiviral drugs. The truth is that to date, there are no safe and specific antiviral agents against SARS-CoV-2, and the current methods for treatment of COVID-19 are still controversial. Fortunately, after analyzing the complete genome of SARS-CoV-2 from Wuhan, China \[[@bib13],[@bib14]\], important structural and biochemical details are now available on this coronavirus and its clinical features:1.The viral genome consists of more than 29,000 bases and encodes nonstructural 29 proteins, including RNA-dependent RNA polymerase (RdRp), coronavirus main protease (3CLpro), and papain-like protease (PLpro) \[[@bib15], [@bib16], [@bib17]\];2.The SARS-CoV-2 virus, similar to its cousin SARS-CoV, uses a glycosylated spike protein S1 that binds the virion to a receptor protein known as angiotensin-converting enzyme 2 (ACE2) located on the surface membrane of the host \[[@bib18], [@bib19], [@bib20], [@bib21]\], whereas the MERS-CoV binds to the human dipeptidyl peptidase 4 (DPP4) receptor through its spike glycoprotein \[[@bib22]\]. Viral spike glycoproteins (SARS-CoV-2 virus) can also bind to the serine protease TMPRSS2, another host cell surface receptor that uses the SARS-CoV virus \[[@bib21]\];3.Although both SARS-CoV-2 and SARS-CoV are close relatives (79.5--82% identity) and are highly comparable at the amino acid level, they are not identical, especially with respect to the spike proteins that might be the reason for the higher binding affinity of the SARS-CoV-2 spike protein to the human ACE2 receptor, which is abundantly present in the lungs. This feature apparently gives the virus its high ability to cause pneumonia \[[@bib20],[@bib23]\];4.Upon entering the host cells, in the cytoplasm, the viral genome is released as a positive sense single-stranded RNA, and its antigens are detected by the antigen-presenting cells (APCs), which are the major cells of the immune system (dendritic cells or macrophages, especially alveolar macrophages) involved in protection against invading antigens. This detection triggers a downstream cascade of many T-cell stimulators and inflammatory molecules, the so-called cytokine storm, leading to activation of transcription factor nuclear factor-κB (NF-κB) and interferon regulatory factor 3 (IRF3), with the subsequent production of type I interferons (IFN-α/β) and a series of pro-inflammatory cytokines including interleukin (IL)-1β and IL-6 \[[@bib24], [@bib25], [@bib26], [@bib27]\]. The cytokine storm produces a violent attack on the body by the immune system, initiating acute respiratory distress syndrome and multiple organ failure.

Based on this information and their experiences, many scientific researchers have begun to contribute to the design and development of molecules against coronavirus. The largest obstacle is that there is simply no time to create a new drug, and the need exists to use old drugs or experimental drug candidates, i.e., to find such compounds for which preclinical trials have been conducted and safety has been proven, and it remains "only" to check activity against SARS-CoV-2, thus realizing a drug repurposing strategy \[[@bib28]\]. As such, rapid screening of safe and effective drugs available in drug libraries is the first important step in the anti-SARS-Co-V2 drug search.

Most of the drugs examined for treatment of this disease fall into the following drug classifications: antiviral with broad spectrum, anti-HIV (antiretroviral), antimalarial, antibiotic, antiparasitic, anticancer, anti-inflammatory and immunosuppressive drugs (including monoclonal antibodies such as tocilizumab, adalimumab, etc.) \[[@bib29],[@bib30]\].

This work addresses potential anti-SARS-CoV-2 drugs based on small heterocyclic molecules. In this work, fourteen promising approved drugs or/and experimental drugs selected by experts in antiviral research and clinical parasitic infections were analyzed from the point of view of bioavailability by applying the Lipinski-Veber rules and determining their physicochemical parameters to find similar patterns and peculiar characteristics that could be valuable in antiviral drug optimization and drug combination or new antiviral agent design.

2. The question is, how do we find a suitable cure against COVID-19? {#sec2}
====================================================================

Using the main potential targets and their roles in viral infection, many researchers have attempted to collect lists of possible synthetic and natural compounds via molecular dynamics simulations that can supply a roadmap for future studies \[[@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37]\]. However, due to the critical situation of coronavirus disease 2019, the WHO launched a megatrial to test selected repurposed drugs and experimental drug candidates \[[@bib38]\]. The selection is based on *i*) previous biochemical, pharmacological and medical information on a drug and *ii*) new information on in silico molecular modeling screening and in vitro and in vivo anti-SARS-Co-V2 activities of a drug \[[@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44]\]. Using these criteria, the race to identify treatments has dramatically accelerated over the past three months. Nevertheless, even if a drug candidate is discovered quickly, which is far from certain, preclinical and clinical tests are expected to take years.

However, numerous published articles are currently available on a wide variety of aspects of studying and combatting SARS-CoV-2 via open access websites or as reprints in scientific journals such as chemRxiv, bioRxiv, medRxiv, etc. Certainly, these papers have not been reviewed and should not be considered as final conclusions or recommendations for treatment or prevention and should not be covered in the media as proven information. Moreover, promising results obtained from molecular docking of selected drugs with potential targets do not guarantee the effectiveness of a drug in treatment under clinical conditions. However, these works provide a general idea of where research should go.

3. Promising drug candidates in the fight against COVID-19 {#sec3}
==========================================================

Certainly, the risk from the use of an approved drug should be significantly lower than from the disease itself. Therefore, the medicine must be safe. This fact greatly complicates the search: it is likely that at the stage of large clinical trials, it will be discovered that too much risk exists from the drug, risk that is incomparable with the danger of the disease. However, remdesivir (**1**), lopinavir (**2**) and ritonavir (**3**), favipiravir (**4**), chloroquine (**5**) and hydroxychloroquine (**6**) ([Fig. 1](#fig1){ref-type="fig"} A) and their combinations \[[@bib45], [@bib46], [@bib47]\] are currently the most promising small molecule drugs for use in COVID-19 treatment. Clinical efforts to find appropriate, efficient and safe therapeutics are still ongoing \[[@bib30],[@bib48]\].Fig. 1Structures of promising drugs and experimental drug candidates **1--14** in COVID-19 treatment.Fig. 1

Remdesivir (GS-5734) is an antivirus unapproved drug candidate that was developed by Gilead Sciences (Foster City, CA, USA) to combat the West African Ebola virus disease epidemic in the mid-2010s. This nucleotide prodrug has also shown activity against the hemorrhagic fever Marburg virus (MARV), the SARS-coV and MERS-coV). However, it is administrated only intravenously \[[@bib49], [@bib50], [@bib51]\]. Anti-HIV drug lopinavir is developed from ritonavir. Both are created against HIV-1 protease. Lopinavir/ritonavir combination as a single medication is known as Kaletra®, effective drug, approved by FDA in 2001 for the treatment of HIV infection in adults \[[@bib52],[@bib53]\]. Favipiravir (T-705, Avigan®) is a pyrazinecarboxamide molecule, capable of converting into the cell into a nucleoside analog, ribonucleotide T-705-4-ribofuranosyl-5′-monophosphate, which inhibits the activity of viral RNA polymerase without affecting cellular synthesis of RNA or DNA. This antiviral drug was developed in Japan and approved in 2014 for treating viral strains unresponsive to current antivirals \[[@bib54],[@bib55]\]. Chloroquine (Resochin®, Aralen®) and hydroxychloroquine (Dolquine®, Plaquenil®, Axemal®) are antimalarial drugs. The latter drug is also used in rheumatoid arthritis and lupus treatments. Both drugs possess a high level of toxicity, especially, cardiotoxicity \[[@bib56], [@bib57], [@bib58], [@bib59]\].

However, because the epidemiological situation in the world is changing rapidly, literally daily, the following chemical entities of umifenovir **7**, agent EIDD-2801 **8**, ribavirin **9**, ruxolitinib **10**, ingavirin **11**, azithromycin **12**, ivermectin **13** and danoprevir **14** ([Fig. 1](#fig1){ref-type="fig"}B) must be considered in ongoing trials.

Umifenovir is name of arbidol, which is an original Russian antiviral drug widely used for etiotropic therapy of influenza and flu. In 2011, the WHO rendered an international nonproprietary name Umifenovir to an active ingredient of arbidol but the original name given to this drug by its creators is still much more common and familiar both to patients and researchers. Up to now, its primary therapeutic action has not yet been known for certain: whether it is a direct antiviral activity, stimulation of immune system or anti-inflammatory action \[[@bib60],[@bib61]\]. Agent EIDD-2801 works similarly to remdesivir, acting as nucleoside analogs that metabolize into an active form that blocks RNA polymerase, an essential component of viral replication. It is being studied in five Phase III trials against COVID-19. This drug candidate can be taken in pill form \[[@bib62],[@bib63]\]. Ribavirin (Rebetol®, Virazole®, etc.) is a synthetic nucleoside antiviral drug, which is approved by FDA for treatment of respiratory syncytial virus and hepatitis C virus infection. This drug, discovered in 1972, can be administered to humans by aerosol, oral and intravenous routes with a range of dosing regimens in different clinical settings. Ribavirin was found clinically effective against influenza, herpesvirus infections, hemorrhagic fever and Lassa fever but ineffective against Ebola and Marburg viruses \[[@bib64], [@bib65], [@bib66], [@bib67]\].

Ruxolitinib (Akavi®) is approved in 2011 to treat certain rare bone marrow/blood cancers (e.g., myeloproliferative neoplasm). The drug works by blocking enzymes JAK1/JAK2 in the JAK-STAT pathway, which is overactive in these blood cancers. At the same time, the JAK-STAT pathway is fundamental to many biological processes related to immunity and inflammation, including marshaling a cytokine response \[[@bib68],[@bib69]\]. Ingavirin® is an original Russian antiviral drug for the treatment and prevention of acute respiratory viral infections by influenza and non-influenza with a unique mechanism of action. This drug provides early recognition of infection and the formation of the antiviral state of cells that stops the virus from reproducing and spreading in the body. It is effective against type A and B viruses, adenoviruses, parainfluenza viruses, respiratory syncytial viruses, coronaviruses, metapneumoviruses, enteroviruses, including Coxsackie virus and rhinovirus \[[@bib70], [@bib71], [@bib72]\]. Azithromycin (Zithromax®) is an inexpensive semisynthetic antibiotic drug used for the treatment of several bacterial infection. It was discovered 1980 and approved for medical use in 1988. In 2019, this drug was found active against pandemic influenza 2009 (A(H1N1)pdm09) virus acting by interfering with virus internalization process \[[@bib73],[@bib74]\]. Ivermectin (Stromectol®), an old antiparasitic drug, is widely used in veterinary medicine as an anthelminthic medication since 1981. It is used as a mixture of two macrocyclic lactone molecules, which were isolated from the bacterium *Streptomyces avermitilis* in 1975. This drug works by paralyzing and killing parasites \[[@bib75], [@bib76], [@bib77], [@bib78]\]. Danoprevir (ITMN-191/R7227, Ganovo®) is one the antivirals against hepatitis C virus belonging to the second-generation group so-called, direct-acting antiviral agents that act as NS3/4A protease inhibitors. It was developed in 2008; and in 2018, danoprevir was approved as a drug in combination with ritonavir, peginterferon alfa and ribavirin for the treatment of treatment-naive patients with non-cirrhotic genotype 1b chronic hepatitis C. It is a potent and selective noncovalent reversible NS3 inhibitor, a chymotrypsin-like serine protease that plays an essential role in the HCV viral replication process \[[@bib79], [@bib80], [@bib81], [@bib82]\].

In analyzing the main structural details of selected drugs/drug candidates, it was noted that of the 14 compounds, two are oxygenated macrocyclic compounds obtained directly or via sequential transformations from *Actinomycete* bacteria (comp. **12** and comp. **13** as a B1a/B1b mixture, 80/20), and twelve are nitrogen-containing heterocycles are synthetic molecules. Among these, three candidates are nucleoside-based heterocycles (pyrrolo\[2,1-*f*\] \[[@bib1],[@bib2],[@bib4]\]triazine **1**, 2-oxopyrimidine **8** and 1,2,4-triazole **9**), which resemble the respective RNA bases of adenosine and cytidine, two are so-called peptide-heterocyclic chimera derivatives (comp. **2** and **3**), and others are functionalized derivatives of classic heteroaromatic rings, i.e., pyrazine (comp. **4**), quinoline (comp. **5** and **6**), indole (comp. **7**), pyrrolo\[2,3-*d*\]pyrimidin-pyrazol hybrid (comp. **10**), imidazole (comp. **11**) and macrocyclic lactam (comp. **14**).

Our list contains only fourteen compounds, but the molecular and skeletal diversity is so great that it guarantees their specific interactions with the different above-mentioned targets of SARS-Co-V2 virus. Certainly, each structure of these drugs has been optimized, but for their specific profiles, we followed the approach based on monotherapy ("one-target, one-disease" approach). We are facing a novel virus that can mutate rapidly \[[@bib83],[@bib84]\]. Similar to HIV/AIDS treatment, which consists of the so-called "AIDS cocktail" therapy (combination antiretroviral therapy) \[[@bib85]\], future COVID-19 treatment could be based on combination drugs that impact multiple targets simultaneously (i.e., "double drug cocktail" or "triple drug cocktail", polytherapy). This approach could be generally more effective than the monotherapy method, and it is currently implemented in practice in this case \[[@bib86],[@bib87]\], but unsuccessful individual experiments \[[@bib45],[@bib88]\] cannot rule out the significance of this approach. Moreover, multicomponent drugs that are co-formulated in a single tablet, which alters the ability of the other components to reach its target, or better, single drugs that are based on two different frameworks responsible for pharmacological effects (pharmacophores) and able to modulate multiple targets simultaneously \[[@bib89],[@bib90]\], could be highly advantageous in the future. However, from old magic bullets to modern "binary or trinary weapons", a treatment against this coronavirus is still far away.

4. Bioavailability via the Lipinski-Veber rules and assessment of physicochemical descriptors {#sec4}
=============================================================================================

It is well known that the balance between solubility and polar/hydrophobic properties is critical for a drug that must be absorbed, penetrate numerous biological barriers and reach the desired site of action without affecting the biological balance of the entire organism. Based on a literature analysis, almost all of the abovementioned small molecule drugs could bind four highly different targets of SARS-Co-V2 virus, i.e., RNA-dependent RNA polymerase (RdRp), coronavirus main chymotrypsin-like protease (3CLpro), papain-like protease (PLpro) and spike protein S1. Additionally, human angiotensin-converting enzyme 2 (ACE2) receptor \[[@bib21],[@bib91]\], JAK 1 and JAK 2 tyrosine kinases \[[@bib92]\] or cytokines including interleukin (IL)-1β and IL-6 \[[@bib93]\] are also crucial targets in COVID-19 treatment. The latter targets might be the most important because they are principal players in the immune system, which is overactive under viral infection \[[@bib94],[@bib95]\].

In this context, it is of interest to quickly compare molecular descriptors, i.e., physicochemical properties and bioactivity scores (drug-likeness), of these molecules to identify selected similar patterns and peculiar characteristics. This simple and rapid approach could be helpful in antiviral drug optimization and drug combination and possible identification of molecular hybrid entities, the so-called chimeric molecules. These physicochemical properties, which form the well-known Lipinski "rule of five" (RO5) \[[@bib96]\] and Veber's rule \[[@bib97]\], can be easily established using the basic tools of open access, e.g., Molinspiration \[[@bib98]\]. The importance of RO5 (MW \< 500, cLogP \< 5, number of hydrogen-bond acceptors HBA \< 10 and number of hydrogen-bond donors HBD \< 5) is associated primarily with the solubility of the drug and the permeation of in vivo barriers. It is known that *a*) calculated descriptors are only simple filters that could aid selection of drug-like compounds; *b*) RO5 compliance is not a guarantee that a compound will be drug-like; and *c*) certain of the pharmacological targets in current drug discovery do not have high affinity and selectivity ligands that comply with RO5, and several studies do focus on series of compounds beyond the RO5 chemical space with the expected consequences on the properties of ADMET (absorption, distribution, metabolism, excretion and toxicity) of the identified ligands. Furthermore, according to Veber's rule, good bioavailability is more likely for compounds with ≤10 rotatable bonds (ROTB), total HBA + HBD \< 12 and topological polar surface area (TPSA) ≤ 140 Å^2^. These two parameters reflect that *a*) as the number of rotatable bonds increases, the molecule becomes more flexible and more adaptable for efficient interaction with a particular binding pocket of the target, and *b*) the TPSA descriptor correlates well with passive molecular transport through membranes and can predict the transport properties of drugs in the intestines and permeation of the blood-brain barrier. TPSA values less than 140 Å^2^ are associated with good cell membrane permeability.

Considering these facts, we calculated the principal molecular descriptors of these small molecule drugs and examined them ([Table 1](#tbl1){ref-type="table"} ). The calculated data indicate that among 14 drugs, seven compounds with MW \< 500 Da fulfill the RO5 for oral absorption, and the other half of the compounds with MW \> 600 Da do not fulfill the RO5, failing two or three criteria. The case of chloroquine (**5**) is a border zone; although it has small MW, it fails only one criterion. This observation is not surprising because ca. 16% of drugs, especially antiparasitic, anticancer and antiviral drugs that have oral bioavailability violate at least one of the criteria, and 6% fail in two or more criteria.Table 1Molecular descriptors calculated for drugs and drug candidates **1--14**.Table 1Comp.Key targetMW[a](#tbl1fna){ref-type="table-fn"}pK~a~[b](#tbl1fnb){ref-type="table-fn"}LogS[c](#tbl1fnc){ref-type="table-fn"}% Abs.[d](#tbl1fnd){ref-type="table-fn"}cLogP[e](#tbl1fne){ref-type="table-fn"}HBA[f](#tbl1fnf){ref-type="table-fn"}HBD[g](#tbl1fng){ref-type="table-fn"}ROTB[h](#tbl1fnh){ref-type="table-fn"}TPSA[i](#tbl1fni){ref-type="table-fn"}MV[j](#tbl1fnj){ref-type="table-fn"}n violations[k](#tbl1fnk){ref-type="table-fn"}**1**RdRp**616.61**15.98−4.9638.772.12**14**515203.57539.852**2**3CLpro/PLpro**628.81**13.59−7.1467.60**5.69**9415119.99607.962**3**3CLpro/PLpro**706.93**13.63−6.4958.71**7.1411**417145.78646.303**4**RdRp157.10N/A−1.8478.26−0.5253189.11118.950**5**ACE2319.8810.06−4.5399.28**5.00**31828.16313.121**6**ACE2335.879.22−3.7792.314.0042948.38321.380**7**S protein/ACE2477.425.24−6.0490.134.8651854.70386.240**8**RdRp329.3112.15−1.2859.61−0.261046143.15280.870**9**RdRp244.2114.810.6059.41−2.77953143.73197.680**10**JAK1/JAK2[l](#tbl1fnl){ref-type="table-fn"}306.37N/A−4.1480.301.8361483.19281.010**11**RdRp225.254.55−0.1176.20−0.2663795.08207.270**12**UN[m](#tbl1fnm){ref-type="table-fn"}**749.00**8.63−4.0846.873.10**14**57180.09736.452**13a**3CLpro/PLpro**873.09**15.44−5.4750.322.61**14**38170.09825.842**13b**3CLpro/PLpro**859.06**15.24−5.0650.322.11**14**27170.09809.042**14**3CLpro/PLpro**731.84**N/A−7.6746.724.65**14**38180.52637.732[^1][^2][^3][^4][^5][^6][^7][^8][^9][^10][^11][^12][^13][^14]

One of the most parameters of this rule is lipophilicity, which is expressed by the cLogP feature. Almost all selected compounds have an appropriate cLogP (less than 5) for Lipinski's rule, excluding two drugs, i.e., lopinavir (**2**) and ritonavir (**3**), which are highly lipophilic molecules with respective cLogP values of 5.69 and 7.14. In contrast, the drugs favipiravir (**4**), EIDD-2801 (**8**), ribavirin (**9**), ruxolitinib (**10**) and ingavirin (**11**) are highly hydrophilic molecules with cLogP values ranging from −2.27 to 1.83. These are notably small molecules that are highly soluble in an aqueous medium and have a poor capacity for permeability through membranes (weak lipophilicity), but they are probably capable of transport by certain membrane proteins. Interestingly, three macrocyclic compounds displaying an appropriate lipophilicity, i.e., azithromycin (**12**), ivermectin (**13**) and danoprevir (**14**), are less lipophilic than lopinavir (**2**) and ritonavir (**3**), which possess an alicyclic peptide backbone. All of these molecules are the "heaviest" (MW \> 628--873 Da) and bulkiest (MV \> 607--825 Da). Comparing both antimalarial drugs **5** and **6**, although they have almost identical molecular volumes, hydroxychloroquine is more polar, less lipophilic, and thus encounters more difficulty diffusing across cell the membrane, as confirmed by kinetic and thermodynamic experiments \[[@bib99]\].

It is important to note that remdesivir (**1**), the most probable drug according to new information from clinical studies \[[@bib49],[@bib50],[@bib100]\], has a similar MW (616 Da), the highest TPSA value (203.57 Å^2^) and exhibits an ideal partition coefficient between polar and lipid layers (cLogP = 2.12), but its absorption (38%) is the worst among the selected drugs. More precisely, this nucleotide analog prodrug, which inhibits viral RNA polymerase, is only administered intravenously, and compassionate use in treatment of patients hospitalized for severe Covid-19 showed clinical improvement \[[@bib101]\].

The best absorption (% ABS) according to our calculations (92--99%) was found for antimalarial 4-aminoquinoline drugs **5** and **6**. Other small nitrogen-containing molecule drugs such as favipiravir (**4**), umifenovir (**7**), ruxolitinib (**10**) and ingavirin (**11**) also demonstrated good absorption (76--90%), which is an indication of good bioavailability by the oral route. This feature is consequence of their good TPSA values, ranking from 28.16 to 95.08 Å^2^, which also indicates notably good cell membrane permeability. It is worth mention that the presence of a 3,4-dihydroxy-5-(hydroxymethyl)-tetrahydrofuran-2-yl fragment in the heterocyclic ring increases the TPSA parameter of nucleoside-based drugs EIDD-2801 (**8**), ribavirin (**9**) and remdesivir (**1**) (TPSA = 143.15--203.57 Å^2^). Increased TPSA values are also observed for macrocyclic molecule drugs azithromycin (**12**), ivermectin (**13**) and danoprevir (**14**). Among these three drugs, ivermectin is the most hydrophilic molecule, is well resorbed after oral administration, and its distribution to the brain is discouraged by the blood-brain-barrier (TPSA \> 140 Å^2^) because of its molecular size, which is not conducive to passive diffusion, but it can be transferred in the presence of efflux pumps, for which ivermectin is a substrate \[[@bib102]\]. In addition, these drugs have the appropriate molecular flexibility (ROTB = 7--8) according to the Veber's rule. Curiously, chloroquine (**5**) and hydroxychloroquine (**6**) show the same capacity, and remdesivir (**1**), lopinavir (**2**) and ritonavir (**3**) are much more flexible molecules (ROTB = 15--17).

In addressing the pK~a~ values of the selected drug molecules, it can be noted that among the 14 studied drugs, seven drugs do not present essentially acidic properties in water (pK~a~ \> 12), and are strong conjugated bases (comp. **1**--**3**, **8**, **9**, **13** and **14**). Three drugs (comp. **5**, **6** and **12**) show notably weak acid strength (pK~a~ = 8--12), and the two drugs umifenovir (**7**) and ingavirin (**11**) are weak acids with 5.24 and 4.55 pK~a~ values, respectively, but they are stronger than the other evaluated drugs. In this context, it is well known that the pH environment to which an orally administered drug molecule is subjected is highly changeable (stomach pH ∼ 3.5, intestinal tract pH ∼ 8.5 and plasma pH = 7.4), and the absorption and transport capacities of these molecules also depend on their pKa, which can have a pronounced effect on the pharmacokinetics. From the data of [Table 1](#tbl1){ref-type="table"}, we can easily observe a good correlation between pK~a~ and % ABS parameters: drugs with notably low acidity (pK~a~ = 12--15) have generally poor to moderate absorption in the alkaline intestine (% ABS \< 67.60) (comp. **1--3**, **8**, **9**, **13** and **14**), except for the azithromycin molecule, which exhibits a 8.63 value of pK~a~, and its intestinal absorption is expected to be quite poor (% ABS = 46.87), comparable to that of remdesivir.

It is noteworthy that as ACE2 inhibitors, two small drugs of chloroquine (**5**) and hydroxychloroquine (**6**), with respective pK~a~ values of 10.06 and 9.22, show the best intestinal absorption. Unfortunately, pK~a~ calculations from the ChemDraw program do not supply a second ionization constant for chloroquine and hydroxychloroquine. However, in practice, it was found that chloroquine has two basic groups corresponding to the quinoline-ring nitrogen and the diethylamino side-chain nitrogen with ionization constants of 8.1 and 10.2, respectively. Moreover, at a physiologic pH of 7.4 (plasma), 18% of chloroquine is monoprotonated but still soluble in lipid and able to traverse cell membranes, and when it enters a lysosome (pH ∼ 4--5), it is biprotonated \[[@bib103],[@bib104]\]. In practice, chloroquine is administered as a phosphate salt, whereas hydroxychloroquine is processed as a sulfate, and both drugs are usually absorbed in the upper intestinal tract \[[@bib105]\]. Interestingly, these drugs possess molecular polar surface area values below 60 Å^2^ that allow them to cross the hematoencephalic barrier. Umifenovir (**7**) is also a possible ACE2 inhibitor, but it is more acidic (pKa = 5.24) and less soluble in water (LogS = −6.04) than chloroquine and hydroxychloroquine drugs (LogS = −4.53 and −3.77, respectively) ([Table 1](#tbl1){ref-type="table"}).

5. Bioactivity scores {#sec5}
=====================

The Molinspiration tool also permits (to a certain degree) prediction of the bioactivity of the compounds as a ligand for the G-protein coupled receptor (GPCR) and the nuclear receptor, as an ion channel modulator, and as an enzyme inhibitor. With an indicator of the activity of a molecule, one can assess its inhibitory ability with respect to the vital proteins and enzymes of the human body. The data obtained can be used to estimate how harmful these active antiviral molecules are to the human body. Hence, the predicted relative affinity values to vital proteins of compounds **1--14** are presented in [Table 2](#tbl2){ref-type="table"} .Table 2Molinspiration bioactivity scores[a](#tbl2fna){ref-type="table-fn"} for compounds **1--14**.Table 2Comp.GPCR ligandIon channel modulatorKinase inhibitorNuclear receptor ligandProtease inhibitorEnzyme inhibitor**1**0.17−0.550.05−0.57**0.54**0.22**2**0.04−0.78−0.55−0.66**0.42**−0.37**3**0.04−1.24−0.82−1.25**0.42**−0.51**4**−0.43**0.42**−0.35−1.14−0.58−0.18**50.320.320.38**−0.190.050.11**60.350.300.44**−0.120.120.15**7**−0.19−0.44−0.39−0.34−0.46−0.07**80.64**−0.060.19−0.76**0.280.8290.310.21**−0.21−1.46−0.20**0.71100.49**0.10**0.91**−0.67−0.13**0.24110.460.31**−0.20−1.05**0.330.5912**−0.68−1.59−1.45−1.41−0.27−0.73**13a**−2.50−2.89−3.21−2.94−1.91−2.53**13b**−2.31−2.79−3.08−2.80−1.72−2.41**14**−0.05−1.35−1.06−1.15**0.72**−0.49[^15]

The results in [Table 2](#tbl2){ref-type="table"} show certain interesting data. First, there are only three drugs with highly different chemical natures and modes of action, i.e., umifenovir (**7**), azithromycin (**12**) and ivermectin (**13**), that do not virtually alter any vital proteins, and five drugs that interact with one human target, i.e., remdesivir (**1**), lopinavir (**2**), ritonavir (**3**) and danoprevir (**14**), which bind to protease enzymes, whereas favipiravir (**4**) can act as an ion channel modulator similar to many other drugs (comp. **5**, **6**, **8--11**). However, these latter candidates could switch to 2-3 additional human targets. Second, as viral anti-3CLpro/PLpro activities, drugs **2**, **3** and **14** could also alter human protease enzymes, and it is logical but remdesivir and favipiravir, as viral RdRp inhibitors involved in viral replication inhibition, can act on human protease enzymes and ion channels, respectively, according to the obtained data. Both drugs are currently in Phase III clinical trials as a possible treatment for COVID-19 in the USA (remdesivir) and Japan (favipiravir). Ruxolitinib (**10**), an anticancer drug tested for its potential to dampen the cytokine storm, could act as a modulator of signaling proteins, such as GPCR and enzyme inhibitors, in addition to its kinase inhibition activity.

According to recent work on control of the SARS-CoV-2 infection in vitro, hydroxychloroquine was less toxic and more efficient as a viral inhibitor than chloroquine \[[@bib106]\], which confirms the current in silico calculation, but both drugs display retinal toxicity, which is an ophthalmologic concern because it is not treatable \[[@bib107]\]. However, the short-term administration of these drugs rarely causes severe side effects, and longer exposure has been associated with certain serious although uncommon adverse events, including cardiomyopathy, bone marrow suppression and hypoglycemia \[[@bib108]\]. In addition, it was found early on that these drugs are neither embryotoxic nor fetotoxic when used at the usual dosage for malaria prophylaxis \[[@bib109]\]. The recent work of Wolfram et al. which reports new details on viral cell entry inhibition of (hydroxy) chloroquine, offers a cautiously optimistic report that (hydroxy) chloroquine might have a prophylactic and/or therapeutic effect against COVID-19 \[[@bib110]\], though there is sufficient preclinical rationale and evidence on their effectiveness for treatment of COVID-19 to validate their use in the clinic \[[@bib111]\].

6. Concluding remarks {#sec6}
=====================

Reprofiling a drug or experimental agent for a concrete disease is a complex task that requires time and fundamental dedication, and the repurposed pipeline is finite. Despite immense efforts, no good clinical evidence currently exists for any specific therapies (including antiviral and immune modulating agents). The repurposed drugs that are under investigation for COVID-19 should be used only in randomized and controlled trials. The revised physicochemical properties and bioactivity scores of potential small molecule drugs studied in this work indicate that no molecule is perfect: if certain small molecule drugs (comp. **4**, **6**, **8--11**) meet Lipinski's rule, they do not pass the standards for bioactivity scores, and if notably few drugs show a good drug-likeness criterion (comp. **12** and **13**), they violate two criteria of Lipinski's rule.

However, it should be noted that umifenovir (arbidol) (**7**) seems to be a privileged molecule because this polyfunctionalized indole derivative does not infringe on either the Lipinski-Veber rules or the bioactivity score criteria. It is a pity that information on this drug in COVID-19 treatment is minimally available, and its use against coronavirus is still controversial. Although selected Chinese scientists have asked the WHO to include arbidol in the list of drugs recommended for combating coronavirus, experts have doubts related to the usefulness of this drug, which has not proved its effectiveness in several tests, and tests are still ongoing \[[@bib112]\]. Until now, arbidol has shown efficacy against influenza viruses by targeting the hemagglutinin fusion machinery that suggests stimulation of the immune system or anti-inflammatory action. However, the structural basis of the mechanism underlying fusion inhibition by arbidol has remained obscure \[[@bib113]\].

Special attention has been focused on use of (hydroxy) chloroquine drugs for a COVID-19 cure. Both drugs, which show remarkable absorption, cell membrane permeability and transport properties, are important drugs in the treatment of malaria as well as severe rheumatoid arthritis and systemic lupus erythematosus diseases in which they bind to a heme moiety and interfere with normal hemoglobin metabolism. These drugs also interfere with lysosomal activity, autophagy, and membrane stability and alter signaling pathways and transcriptional activity, which could result in reduction of the cytokine storm by modulating T-cell stimulators and inflammatory molecules \[[@bib114]\]. It is noteworthy that hydroxychloroquine has been found to be a more potent SARS-CoV-2 inhibitor than chloroquine, with considerable contribution to suppression of the cytokine storm \[[@bib115],[@bib116]\].

Another promising drug candidate for coronavirus treatment is ivermectin, which is in phase III clinical trials in dengue patients, quickly avoids replication of SARS-CoV-2 in vitro \[[@bib78]\]. This antiparasitic drug is safe for human use at relatively high doses, is widely available and is a relatively low-cost medicine that prompts further evaluation for possible benefits in COVID-19 patients \[[@bib117],[@bib118]\].

It is almost certain that novel and repurposed drugs will be needed in the fight against COVID-19 \[[@bib119],[@bib120]\]. In this context, cocktail drugs with optimized relationships seem to be more realistic \[[@bib121], [@bib122], [@bib123]\]. The combination of anti-HIV Kaletra® (Lopinavir/Ritonavir) drug (3CLpro/PLpro inhibition) and α-interferon (immunomodulatory properties) has been used, but the therapeutic effect remains highly limited, and toxic side effects can occur \[[@bib124]\]. On the other hand, arbidol monotherapy has been shown superior to lopinavir/ritonavir in treating COVID-19 \[[@bib125]\] and contrariwise, combination therapy was associated with a significantly improved the chest CT scans in 7-day \[[@bib126]\].

Returning to the idea of single drugs with multitargeting properties, drug combination based on a hybridization approach could be useful and efficient in creation of an antiviral molecule hybrid drug that possesses two or even three pharmacophore groups that act selectively on different viral replication targets (RdRp/3CLpro and RdRp/PLpro), viral cell entry (S protein/ACE2) and regulation of the human immune response to viral infection (JAK 1/JAK 2/interleukin (IL)-1β and IL-6). Understanding the mechanisms by which these drugs affect SARS-CoV-2 is expected to be critical to optimization and development of preventative and therapeutic strategies \[[@bib127],[@bib128]\].

6.1. Post datum {#sec6.1}
---------------

Potential drug candidates for COVID-19 therapy are continuously substituted and changed, similar to basketball players in the last minutes of the final game to save the championship. Remdesivir, the most awaited and most promising candidate, has been fervently supported by doctors and politicians as a potential cure for COVID-19 \[[@bib129]\] but appears to be inefficient according to the first randomized trial (158 patients) in China on patients with severe COVID-19 symptoms \[[@bib130]\]. In addition, it was found that a high dosage of remdesivir may induce testicular toxicity and result in deterioration of sperm parameters in mice \[[@bib131]\].

Thus, more investigation on the reproductive toxicity of this drug is required. Nevertheless, [ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0010} indicated that five randomized trials involving remdesivir are recruiting globally, with one in severe COVID-19 from Gilead (NCT04292899), the drug manufacturer, with a target of 6000 participants; naively, this trial should be adequately powered \[[@bib132]\], and on 02 May, the Food and Drug Administration issued an emergency use authorization for remdesivir for treating COVID-19 \[[@bib133]\]. Thus, it is the first drug shown to help fight COVID-19. However, other drugs, such as favipiravir (Avigan®), a viral RNA polymerase inhibitor, or tilarone (Amixin®), an inducer of interferon, are also gaining attention \[[@bib134],[@bib135]\]. During the last two months, the activity related to the drug design and development for suitable anti-SARS-Co-V2 agents has been constantly ongoing, but without new significant achievements \[[@bib136],[@bib137]\], while the biological-structural and medical studies of the virus, disease and its symptoms have progressed \[[@bib138], [@bib139], [@bib140], [@bib141], [@bib142]\]. Remdesivir production is increasing, however this drug (approved only in USA) and treatment is very expensive, perhaps due to its complicated and ineffective synthesis \[[@bib143]\]. Its combination with tocilizumab (monoclonal antibodies drug, Actemra/RoActemra®) is being studying for hospitalized patients with severe COVID-19 pneumonia (phase 3). Favipiravir, an inexpensive antiviral drug, was approved for a COVID-19 treatment in several countries. Recently, it was found that dexamethasone (glucocorticoid) reduced deaths in hospitalized patients with severe COVID-19 disease \[[@bib144]\], but once again, more investigation on this drug is required \[[@bib145]\].

Therefore, the current methods for treatment of COVID-19 and the criterions of drug selection are still debatable. The story with hydroxychloroquine tests is very meaningful \[[@bib146], [@bib147], [@bib148], [@bib149]\], it's believed it will continue until now when all the questions of how this Corona virus works inside our body will be clear. Unfortunately, a Roman historian and politician, Cornelius Tacitus was right saying that "Tardiora sunt remedia quam mala" (Remedies are slower in their operation than diseases). It is still very actual, especially in the case of COVID-19.
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[^1]: Bold items indicate violations of the Lipinski's rule.

[^2]: Molecular weight (g/mol).

[^3]: pKa calculated using commercially available ChemDraw 15.0 program.

[^4]: Aqueous solubility.

[^5]: Percentage of absorption calculated by % Absorption = 109-(0.345 × TPSA).

[^6]: Logarithm of the partition coefficient between n-octanol and water.

[^7]: Number of hydrogen-bond acceptors.

[^8]: Number of hydrogen-bond donors.

[^9]: Number of rotatable bonds.

[^10]: Total molecular polar surface area (Å^2^).

[^11]: Molecular volume.

[^12]: Violations of the Lipinski's rule and did not include the violations of Verb's rule.

[^13]: JAK, Janus kinases play a central role in signal transduction in hematopoietic cells as well as in cells of the immune system.

[^14]: UN, unknown detailed anti-influenza virus mechanism; azithromycin does not affect attachment of viruses onto the cell surface but blocks internalization into host cells during the early phase of infection (in mice).

[^15]: Items marked in bold parameters indicate strong drug-target interaction.
